ABSTRACT: We report on phase sensitive surface states of CdS quantum dots (QDs), where it is noticed that a simple phase change from dispersion to solid has shown significant influence on the emission spectrum. As the solvent evaporates from the dispersion, apparently yellow dispersion transforms into a white light emitter because of the conformal changes in the polymer that surrounds the QDs. In turn, these changes catalyze the emission from three specific wavelengths in the blue region of the spectrum, shifting the surface defects closer to the conduction band of CdS. In the phase change from dispersion to solid, flexible and dangling polymer chains are transformed into rigid moieties that can be treated as a modified chemical environment. Furthermore, to ascertain the origin of the new emission lines, we have studied a dipole interaction-based passivation mechanism between QDs and the polymer. The proposed mechanism may be valuable for designing future QD-based fluorophores and explains the sensitivity of the surface states in the case of CdS.
I. INTRODUCTION
An approaching energy crisis and increasing environmental pollution have motivated researchers to produce green, renewable energy to meet the challenges of the situation. However, making the best use of available energy is equally important; in this context, white-light-emitting diodes are proving to have a great potential in terms of energy consumption and the light output. Various attempts 1−10 have been put forward to convert UV light into visible white light, where the UV sources are coated with fluorophores. The optical properties of the materials, e.g., defect bands, 9 quantum confinement-induced new radiative decay states within the band gap, 1, 3, 4 etc, should be thoroughly explored for such applications. Although notable studies have already appeared, the never ending demand and quest for easier and efficient processing emphasize the real need to develop a new class of materials. Apart from the aforementioned studies and related materials, the binary metal sulfide, CdS, with a direct band gap of ∼2.5 eV 11 has attracted a lot of attention, 12−14 especially in zero dimensions after Rossetti et al 15 in which a dominating quantum confinement effect is noticed. The quantum effect and consequent properties come at the price of surface defects. 16−18 This is typical for quantum dots (QDs), which generally establish nonradiative decay channels within the band gap, and is the case with CdS. However, one can minimize the defect density by employing other inorganic (core−shell type) 13, 14, 19 or organic materials. In the context of organic materials, CdS is known for a list of surface passivations such as fatty acids and alkylamines, 20, 21 thiosalicylic acid, 22 poly (vinyl pyrrolidone) (PVP), 23 block-copolymer, 24 1, 4-dithiothreitol, 25 etc. On the other hand, the capping agent that surrounds the QDs influences the optical properties significantly 21,26−28 and offers tunability. 29 It should be noted that the binding energy does not control the dynamics of carrier recombination; the key factor is the net charge transfer between the CdS and the organic molecule. 21 This is the case where alkylamines bind to CdS more strongly than oleic acid. However, the latter has shown profound influence in suppressing nonradiative recombination, giving rise to a better photoluminescence (PL). 21 In any case, the principle is to trap the electron or hole on the capping agent, which disables the recombination path. 22 Quenching the defect density (trap states) with inorganic materials is trivial, as demonstrated in several works in the literature; 20−25 however, converting them into radiative channels with polymeric materials is rather intriguing. We report an important observation regarding this conversion. We noticed significant changes in the emission properties upon the phase change, i.e, when the dispersion has been just transformed to a solid. This is due to a transformation of nonradiative channels into radiative channels. Also, the material under investigation should possess a high density of surface defects, which enables a clear distinction in the emission spectrum. To produce such CdS QDs, we have adopted roomtemperature synthesis along with amphipathic natured PVP, which binds through dipole type interactions, making it a wise choice as a capping agent. Notably though, until now the polymer shell-based QDs which have been suggested for potential white light emitters are mostly in dispersions rather than in solid phase. This study also highlights the importance of investigating optical properties of polymer shell-based QDs in solution as well as solid format. Despite the various advantages of the inorganic shell, 12 we would like to demonstrate an application of organic shell−CdS QDs through a simple synthesis process which has shown to emit near perfect white light under UV illumination.
Here we present an in situ room-temperature synthesis and subsequent characterization of CdS QDs which potentially can be employed readily as a white light fluorophore. The optical properties, such as photoluminescence (PL) and optical absorption, are studied in the dispersion as well as solid cases. In the context of PL, we have noticed a vital phenomenon in which a transformation of nonradiative channels into radiative channels takes place, contributing to the blue region of the PL spectrum. This observation is interpreted on the basis of solvent/polymer/QD and polymer/ QD-defect state interaction in the dispersion and solid phases, respectively. Essentially, fine-tuning of the QD chemical environment can result in intriguing phenomenon, which can form the basis for designing future generations of QD-based fluorophores.
II. RESULTS AND DISCUSSION
A. Synthesis of CdS Quantum Dots. We would like to point out the following advantages of the present method over other methods. 30 This process consists of exchanging metal ions into the ionic polymer, PVP, followed by reaction with Na 2 S. The present one-pot room-temperature synthesis potentially competes with the other methods in which the reaction temperature is as high as 280°C 30 or as long as 10 h 31 at 90°C. (See Zhong et. al. 30 in which the authors briefly outline various methods for synthesizing CdS QDs.) The advantages offered by the hot injection method are acknowledged where various factors influence the nucleation and growth kinetics, 32 yielding monodisperse QDs. It should be noted that the size of the QD depends on the metal ion concentration and subsequent thermal treatment (if any). However, if a process can yield a perfect white light coating material without the need for a tight diameter distribution, then such a process obviously improves the applicability. We note in our study that these QDs are stable at room temperature and at 0°C for months might be due to the polymer capping, where the stability is detrimental to optoelectronic applications.
B. Local Crystal Structure. Electron probe imaging, such as transmission electron microscopy (TEM), reveals the local structural details of the QDs. A representative image from TEM is shown in Figure 1 . Well-resolved lattice fringes can be seen in the higher-resolution inset of Figure 1 . The interplanar distance (d) of 3.39 Å (111) is from cubic phase CdS (d is averaged over 10 planes) and consistent with the literature. 22 High-resolution images and the corresponding FFT (Supporting Information, Figure S1 , left panel) depicted a single-phase structure similar to that reported in an earlier study. 21 In Figure S1 of the Supporting Information, the bright spots on the FFT are indicative of the single-phase crystalline nature of the QDs. The average particle diameter is ∼3.2 nm (Supporting Information, Figure S1 , right panel). As mentioned earlier, we aim to employ a simple and industrially applicable technique to obtain a white light emitter irrespective of the size dispersivity. We will also see that the present polydispersity does not undermine the present investigation and intent in the context of white light emission.
C. Functional Group Interactions. As mentioned in the introduction, the surface states are usually passivated by a capping agent to control the emission wavelengths. 29 Note that the interaction that took place between the surface of the QDs and the polymer provides a key insight in determining the emission phenomenon. We will establish the nature of the interaction in this section and address it in conjunction with optical properties in latter sections. In a Fourier transform infrared (FTIR) spectrum, evidence of interaction corresponding to a functional group is generally observed in terms of a shift of the peak(s) and/or changes in full width at halfmaximum (fwhm). We have analyzed the possible species involved in such an interaction and the effect of phase transformation (dispersion to solid) with reference to the pristine polymer. FTIR spectra for three cases (dispersion, solid, and pure PVP) are shown in Figure 2a .
Given the comparatively high electronegativity, negative charge, and exposed oxygen is strongly hydrated, in contrast to the nitrogen which is shielded by the adjacent hydrocarbon chain (Supporting Information, Figure S2 ). 33 The electrostatic forces of this zwitterion may influence the intra-and intermolecular interactions between polar groups. 34 Essentially, in PVP, the most active group is CO, whereas the hydrocarbon chain acts as a hydrophobic part of the polymer. We have deconvoluted the vibrational band (centered at ∼1667 cm −1 ) corresponding to CO for the PVP (Figure 2b ) and compared it with that of the other two cases. The deconvolution suggested two peaks centered around 1649 cm −1 and 1697 cm −1 and are attributed to hydrogen-bonded and non-hydrogen-bonded carbonyl groups, 35 respectively, where the former arises because of the hygroscopic nature of PVP. In the case of dispersion, this peak is significantly modified (red-shifted in terms of wavenumber from 1649 to 1664 cm −1 with a 50 cm −1 fwhm) because of the presence of MeOH. The nature and strength of the hydrogen bond vary between H 2 O and MeOH, while the water content is infinitesimally smaller than MeOH in the dispersion. Furthermore, a competition between CO/CdS and CO/ MeOH exists; the former interaction was observed earlier. 36 In the case of the solid, improved interaction with CdS is expected in the absence of CO/MeOH while the peak shows a difference in only the fwhm (∼70 cm −1 ). It also tells us that the CO/MeOH interaction slightly dominates CO/CdS. Therefore, the CO peak for the film shows a shift of ∼15 cm −1 from pure PVP because of the interaction with CdS. Instead of the very complex OH stretching bands (3200− 3700 cm −1 ) due to the hygroscopic nature of PVP and methanol and the OH group in methanol, we investigated the C−O vibrational bands to understand the hydrogen bonding 37 in the dispersion state of QDs. We note that this cannot be applied to the solid format of the sample. Nevertheless, this analysis helps in the understanding of the optical properties in the dispersion state. There are various possibilities of hydrogen bonding within methanol; 37 however, had it been complexed with PVP as solvent, the nature of some of the bands would be found to be significantly influenced. See Figure S3 of the Supporting Information, in which the identified frequencies are tabulated against the corresponding interaction, from which we can see that hydrogen bonding between MeOH molecules has been blue-shifted while the other possibilities are almost unaffected.
Because of the presence of cationic natured nitrogen, it would be useful to see if there is any interaction between the nitrogen atom and the QDs. We have deconvoluted C−N, CH 2 scissors, and CH bend vibrational bands (∼1520−1260 cm −1 , Figure S4 of the Supporting Information) and noticed a significant difference between the dispersion and the solid. Interestingly, the latter is rather close to that of pure PVP in some aspects. In the case of the dispersion, because the vibrational frequencies of C−N, CH 2 scissors, and CH bend are spectrally close, 38 they show collective oscillation. The center (X c = ∼1430 cm −1 , Figure S4 of the Supporting Information) for the three vibrational bands is invariant, whereas the lowfrequency bands are blue-shifted and high-frequency bands are red-shifted, making it very complex to comment any further ( Figure S4 , Dispersion in the Supporting Information). However, with respect to the CH bend region 38 of the film and PVP, in the former case the main band at ∼1374 cm
shows two branches on either side (∼1385 and ∼1353 cm ), in contrast to the latter. Although cationic nitrogen is not evidenced to be interacting directly, on the basis of the modified CH bend region it is clear that cationic charged nitrogen is in the proximity of CdS QDs. The cationic nature of the nitrogen atom of the pyrrolidone unit enables the complexation with a negatively charged ion, 33 if present, which is connected to its hydrophilic nature.
To continue the discussion of FTIR spectra, at this stage it is clear that there are two main and certain dangling interactions in the dispersion state, i.e., (i) the dipole interaction between O of CO and CdS and (ii) the hydrogen bond between O of CO and H of MeOH; we call them δ 1 and H, respectively. In the context of the solid, when the QDs form an ensemble, it is practical to ignore the presence of MeOH, which thereby collapses the H bonds (and the polymer chains); hence, the interaction is mainly due to case (i), and we call this δ 2 . Moreover, for the solid, C−N regional analysis from FTIR spectra suggested the presence of nitrogen close to the QDs, therefore wrapping (W) of alkyl chains is inevitable. Upon considering these interactions, we can see that the carbonyl oxygen is involved with two competing interactions in the solution state, where the order of the interaction strength is H > δ 1 . On the other hand, in the solid form, δ 2 and W exist, and we can say that δ 2 > δ 1 .
D. Chemical State of Elements. We have employed XPS to reveal the chemical state of constituting elements and the possible interaction between PVP and QDs. The core level Despite the low XPS cross section of sulfur, 39 we have recorded a core level spectrum from S 2p (Figure 3b ). This spectrum indicated a well-resolved 2p-doublet and a third peak of low, though distinguishable, intensity. Peaks at 160.75 and 161.91 eV correspond to 2p 3/2 and 2p 1/2 , respectively, while the third peak at 168.29 eV corresponds to a more oxidized form of sulfur 39 that is persistent even in ultrahigh vacuum conditions (see references in ref 39). However, this peak might be from two different origins, i.e., (a) oxygen from the carbonyl group in PVP interacting with sulfur at the surface of CdS and/or (b) oxygen in the environment.
The core level spectrum of O 1s (Figure 3c ) can be deconvoluted into two peaks centered at 531.39 and 535.78 eV. The peak with dominating intensity at 531.39 eV arises from the oxygen in the carbonyl group of PVP, while the other minor peak at higher binding energy position (535.78 eV) arises because of the chemisorbed oxygen (O Ch ). O Ch withdraws electrons from the intrinsic donors in the lattice and forms a charge-transfer bond (ξ). The peak at 531.39 eV is blue-shifted from the standard value (530.74 eV), suggesting an electrontransfer interaction which is consistent with the arguments for Cd 3d core level spectrum. Blue shift in the spectral location of the O 1s peak occurs as a result of decreased electron density around the O atom of the carbonyl group. This confirms an existing interaction between Cd 2+ and the O atom of the carbonyl group 40, 41 as evidenced in FTIR measurements. Regarding the sulfur core level spectrum (Figure 3b) , the reason for the observed peak at 168.29 eV is more likely due to case (a). Because sulfur is very sensitive to the chemical environment, 39 it is influenced by the presence of CO, which is interacting directly with Cd 2+ . Furthermore, when we compare the bulk binding energy values of CdS and the C O group from PVP, the decrease in the binding energy of both bands in CdS with PVP molecules as compared to that of the bulk CdS reveals a charge-transfer interaction between the two. 42 E. Optical Absorption. Optical absorption spectra of QDs were obtained from the dispersion and the solid (Figure 4) . It is hard to determine unambiguously if there is any shift in the onset of the optical absorption edge upon phase change. This is similar to an earlier observation 43 in which PVP-capped CdSQDs are embedded in a poly (vinyl alcohol) matrix. Hence, phase change did not induce any further growth in the QDs, indicating an effective polymer shell around the crystals. The absence of well-resolved peaklike structures at the exciton absorption 44 can be attributed to the polydispersity of QD size 43 or the weak exciton binding energy due to strong Coulomb screening as observed in the context of PbS embedded in a polymer. 45 The blue shift of excitonic absorption from bulk ( Figure 4 ) is due to the quantum confinement effect manifested by size-dependent excitonic absorption while the particle size (∼3.2 nm) is comparable to the Bohr exciton radius (30 Å) of CdS. However, the polydispersity is an issue as observed under TEM, we cannot ignore the effect of polymer and/or solvent. Furthermore, it is known that the band gap of zero-dimensional semiconductors is a function of size, 46 as is the case with CdS. 44 Theoretically, the tight binding approximation (TBA, diameter ≤ 4 nm) or effective mass approximation (EMA, diameter ≥ 4 nm) is able to match with the experiment. 47 On the other hand, 48 for smaller particles, EMA matches with the experiment if a finite potential well is employed. Using Brus's 46 equation, though far from the real potential experienced by excitons, the estimated energy band gap is ∼3.02 eV (ca. that of bulk CdS, ∼2.5 eV 11 ). We have used the following material parameters for CdS: m e * = effective mass of electron (0.19m e ), m h * = effective mass of hole (0.8m e ), r = radius of the particle (1.6 nm), and ε = dielectric constant (5.7). 49 A comparison of the effective masses (m e * < m h *) suggests that electron energy levels are more influenced by the confinement effect. 50 The effect of matrix material, i.e., the confining potential on the band gap of CdS QDs, was shown previously. 28 Furthermore, the band gap energy of PVP is ∼5.6 eV (graph not shown here) and falls within the range of values studied by Baskoutas et al. (∼5−7 eV) . 28 The results suggest that the confining potential is equal to 0.08 times the band gap of the matrix, while assuming a similar potential for electron and hole. Hence, in the present case, the height of the confining potential is ∼448 meV for the PVP matrix with a theoretically estimated thickness of ∼8.5 nm. A close investigation (see inset of Figure  4 ) of optical absorption from dispersion and film provides further information about the broad absorption bands at lower energy (surface or crystal defects). When the dielectric around the QDs solidifies, we can observe the absorption bands evolved around the 500−650 nm region, in contrast to the flat response from the dispersion. This broad shoulder is attributed to the newly formed absorption bands originating from the altered surface interaction.
F. Surface and Defect States of Quantum Dots. Because there is a list of surface and crystal defects, it would be appropriate to discuss their origin and behavior before we proceed to the emission properties as a whole. In the surfacerelated trapping states, both electron and hole traps are expected, 18 especially in the context of quantum dots because of their very high surface-area-to-volume ratio. If we compare the binding nature of the atoms inside the crystal with that of those on the surface, the latter are incompletely bonded, and as a result such atoms protrude "dangling orbitals" away from the crystal; this is the case with most ionic crystals. These orbitals, if unpassivated, tend to form a band structure similar to that of the surface of a bulk crystal. 18 Because these orbitals are electronically still active, they can act as traps for charge carriers at the surface, thereby increasing the probability of nonradiative transitions where the trapping reduces the overlap between the electron and hole wave functions. It is acceptable in the present case to assume the presence of different facets of the crystal due to their possible asymmetric shape, where the exposed atoms dangle their orbitals similar to CdSe QDs. 51 In ionic crystals such as CdS, anions form a valence band (VB) while cations form a conduction band (CB). Interestingly, each surface ion forms one trap; Cd δ+ forms an electron trap (e T ; spreads toward the CB from the mid-band gap, and is not a donor), while S δ-forms a hole trap (h T ; spreads toward the VB from the midband gap, 16 and is not an acceptor), where δ = 0.5 (as given in refs 18,52) is the effective ionic charge. Spanning or exact location of a particular surface state within the band gap depends on the δ of the atom, 53 namely, anion-rich QDs possess more deep hole traps in the mid-band gap where they can span toward the VB, 18,51 again depending on the δ. Notably, electrostatic neutrality on the surface plane (trap inversion) is preserved while trapping a considerable quantity of charge. In the context of QDs, because of the band gap broadening, the surface states play a crucial role in the emission process, while they lie relatively closer to the bulk midgap. These states are rather prominent and are less likely to be wiped out by VB and CB broadenings. 16, 18 We now consider the crystal defects, which can bear some charge. Vacancies and interstitials are denoted by V and I, respectively, with a suffix corresponding to the particular atom, i.e., V Cd , V Cd
Ionized sulfur vacancies such as V S + and V S 2+ are 0.66 eV 54−57 and 0.59 eV 56−59 below the CB, respectively. By considering the band energy locations of these donor defects, it appears to be the case that V S 2+ is much closer than V S + to the CB. It should be noted that the bulk band gap of CdS in both cases is not assumed to be the same, and V S 2+ is farther than V S + from the CB. 57 With reference to Cd vacancies, V Cd is 1.24 eV 56 above the VB while V Cd − is 1.61 eV 56 below the CB; however, the emission corresponding to these defects falls beyond 750 nm and is therefore out of the scope of the present investigation. It can be seen that the energy location or chemical nature of various defects is still uncertain, and there is a wide discrepancy in determining positions, as was also pointed out by Xu et al. 60 . However, here we have given logical explanation by considering widely accepted and energetically feasible states for the various emission bands based on the earlier established interaction between QDs and PVP.
Oxygen can be adsorbed on the surface in the form of negative ions, and the negative charge is acquired from either the existing electron donors (e.g., V S + ) or the CB. This oxygen is bound (ξ, Figure 6b ,c) more strongly than those in the intrinsic surface traps because of the charge-transfer process. Adsorbed oxygen is found to be deep, relative to the intrinsic surface states, where each oxygen ion satisfies one surface trap. In the case in which the donor state is above the Fermi level, the O Ch acts as a trap; otherwise, it acts as a recombination center in a comparatively small quantity. 11, 61, 62 G. Photoluminescence. White Light and Color Coordinates. Photo-induced emission properties of CdS QDs are studied in two contexts, i.e., dispersion and solid (Figure 5a ). Any shift in the emission spectra with change in the excitation wavelength is not observed (graphs not shown here), which was reported earlier. 63 The present emission properties are not only interesting but also in strong contrast with previous similar studies. 23, 43 When the PVP concentration is increased, the defect-related PL emission is found to quench, which is attributed to decreased surface defects; 43 nevertheless, by having higher PVP content during the synthesis, we have observed higher levels of defect-related emission spanning from the blue end to the red end of the spectrum. This could possibly originate from the variation in the synthesis method (here, Cd 2+ ions initially interact with PVP, and then S 2-ions join to form CdS QDs). See the digital photographs (inset of Figure 5a ) of solid and dispersion under 350 nm illumination, which demonstrate the transformation from yellow to white. The analysis of PL spectrum has revealed the 1976 CIE color coordinates to be nearly (0.21, 0.49) and (0.28, 0.53) for film and dispersion, respectively (black dots on the inset of Figure  5a) . Although it appears to be trivial that the emission spectrum is influenced by the dielectric environment, 21 ,26−28 here we would like to stress an important finding that the emitted light falls into the white region of the 1976 CIE diagram (unlike earlier reports); the coordinates for perfect white are (0.22, 0.48), and we can see how close the present material is to the ideal value. In the following, we would like to establish the origin of various emission bands after the deconvolution (Figure 5b ) of the PL spectrum of the film and juxtapose it with that of dispersion. It was not practically plausible to fit a peak around 380 nm (or 392 nm, A) during deconvolution. Hence, the spectral locations of these peaks (for film and dispersion) have been assigned manually, while the rest are simulated. The emission mechanism is shown in schematic form with reference to the surface interactions in Figure 6 .
Apparently, because of the phase transformation from dispersion to solid, the interband transition has been blueshifted from ∼392 nm (3.16 eV) to ∼380 nm (3.26 eV) (Figure 5a ). If the QDs are unpassivated, the existence of surface states (e T and/or h T ) is possible as shown in Figure 6a , which causes nonradiative transition (dotted arrow), thereby decreasing the probability of band edge recombination. However, the trapped electron may undergo a radiative transition (solid arrow from Cd δ+ state) to the CB giving rise to defect-related emission at higher wavelength side. When the electrons are trapped at the surface states, they will be transferred to acceptors (redox process) through a nonradiative process, which not only reduces the radiative quantum yield but also red-shifts the band edge emission as noticed here. The calculated quantum yield is ∼85% and ∼70% for solid and liquid phases, respectively. When the surface is passivated with donors, they inject electrons into the crystal to occupy the surface trapped states, yielding enhanced band edge emission. 64, 65 This blue shift of band edge emission is an indirect effect. Under the phase change, surface passivation is improved, during which the earlier dangling orbitals of QDs are passivated (δ 2 ) by the PVP (Figure 6b ). On the other hand, O Ch induces a positive charged layer which bends the CB and VB upward (Figure 6b ). This phenomenon induces a further confinement effect on the QD, resulting in a shift in the band edge emission. 66 The fwhm of the exciton emission peak for the dispersion is ∼10 nm. The sharp emission suggests that a majority of particles are uniform in size, and the low intensity is attributed to the typical self-absorption phenomena. However, in the present context, the self-absorption has caused a radiative recombination at higher wavelengths and resulted in a broad and major peak centered at ∼565 nm. The ratios of intensities of band edge to the defect emissions (I A /I ∼565 nm , a measure of optical quality 9 ) is ∼0.02 and ∼0.03 for dispersions and film, respectively. This not only suggests a dominating defect-related emission but also hints at the improved passivation upon solidification, which is consistent with the interpretation of the blue shift of ∼0.1 eV band edge emission. Interestingly, starting at ∼550 nm, the low-energy side of the normalized spectrum from CdS QDs dispersion perfectly retraces that of the film. Higher-wavelength emission can also occur from deep level defects where stoichiometry, being an experimental limitation, indicates the presence of crystal defects in the sample (Surface and Defect States of Quantum Dots). Furthermore, after the surface passivation is improved, more emission bands are evolved. This is discussed below.
The origin of the blue region emission lines (413, 415, and 441 nm with fwhm range of 0.18 to 0.27 eV) are connected to the passivation mechanism. Interestingly, the passivation has created three discrete emission bands. The relatively sharper bands are radiative transitions involving the intrinsic lattice defects. Because of the dominating (or more probable) lowenergy recombination from the surface defect level, we did not observe these peaks in the case of dispersion. The process of solidification improves the surface passsivation (δ 2 > δ 1 ), injecting electrons and pushing the defect levels further toward the CB. 67, 25 When the surface states are almost energetically in line with V S + and/or V S 2+ states, the probability of recombination of electrons from lattice defects to the VB is more likely; hence, we can observe the emission lines corresponding to these energy states which match the literature in terms of offsets from the CB (Figure 6c) , as was mentioned in the previous section. The upward band-bending caused by the O Ch is partially compensated by the electrons which were injected by PVP in the process of solidification, where δ 2 becomes a predominant interaction supported by W. Consequently, the bending would have been reduced, which aligns V S + and/or V S 2+ states with the surface defects, which are now relatively closer to the CB.
The emission at 413 nm occurs when a radiative transition takes place from V S + to the VB, and the 435 nm emission is due to a transition from the intermediate state within the surface defects to the VB. The third line at 452 nm is due to a transition from V S 2+ to the VB. Furthermore, in the background of the polydispersity of the present sample we have analyzed the size-dependent band gap and the consequent emission wavelengths. These blue emissions cannot be due to size variance. It is worth noting that the particle size was immaterial (within 2−4.5 nm) when CdS was capped with thioglycerol, for which the defect emission always peaks at 530 ± 20 nm. 67 In the case of dispersion and film, the emission band E is seen to disagree in the spectral location, where the latter occurs at higher energy 67 because the improved passivation shifts surface states close to the CB (Figure 6b,c) . In both cases it is interesting to note that the fwhm of emitted bands is ∼0.85 eV. The surface states, can form a narrow distribution of states 18 giving rise to an emission of relatively higher fwhm, which could be the case here. We attribute the band E to a transition from surface defects to the VB (Figure 6b,c) .
Red emission (F) is attributed to O Ch where it forms a deep level charged acceptor state, while compensated by a positive space charge region at the surface (Figure 6b,c) . Because O Ch binds more strongly than surface trapped oxygen, their presence can be expected in both phases of QDs. Arguably, this is consistent with the peak deconvolution for both the dispersion as well as the solid ( Figure S6 of the Supporting Information and Figure 5 ), suggesting spectrally comparable red emission bands.
III. CONCLUSION
We have presented an important observation which is in clear contrast with existing literature in connection to the emission properties of CdS when the surface is passivated with PVP. This study provides new insight into exploiting the unavoidable surface defects on the CdS QDs by transforming them into radiative transitions in which the overall emission can be a potential white light. This transformation occurred when the dispersion of QDs was simply dried. In addition, because there is no other ligand associated in this in situ synthesis, limitations, such as detachment of a ligand from QDs skewing optical properties, are eliminated. The polymer chains act as a terminator and stop further growth of the crystals in the solution phase, and it is very unlikely that any surface state of the CdS QDs is left unpassivated. The sequence of FTIR investigations on dispersion-to-film has given crucial insight into the dynamics of the surface passivation. We have deconvoluted the vibrational band corresponding to CO for the PVP case. Notable differences (e.g., shift of ∼15 cm −1 ) are highlighted, and CO and CdS interactions are evidenced. The phase trasformation imposed significant changes in the mechanics of the surface passivation; the earlier, weaker dangling bonds became stronger (δ 2 > δ 1 ) and transformed into rigid interactions. FTIR analysis also suggested a possible wrapping (W) of an alkyl chain around the CdS QDs. XPS investigation has corroborated the FTIR investigation in terms of charge-transfer interaction between CdS and CO of PVP. It also suggested the presence of O Ch , where it withdrew a free electron from the lattice defect site or CB of CdS QDs. In the context of optical properties, no significant alterations are noticed at the absorption onset for the phases, from which we can infer that there is no further change in the size of the QDs. The PL properties are thoroughly investigated, and we are able to establish the origin of emission bands and the variations from film to the dispersion. During the surface passivation, the binding abilities of the capping agent and consequent chargetransfer properties of the atoms on the bulk substrates (flat) are different from those of quantum dot-like curved surfaces, as the latter are influenced by structural factors 18 and size-dependent electron configurations. 21 In this context, the conformal changes in PVP that have taken place during the phase change have converted the nonradiative recombination channels into radiative channels in the blue region of the spectrum. On the other hand, if these trapped states are permanently occupied, then direct recombination is expected to be more efficient in a manner similar to the present context, where the QDs are fused in the polymer matrix. Improved passivation has shown new radiative transitions in the blue region of the spectrum, which are rather sharper (fwhm 0.18−0.27 eV) than surface-related recombinations (fwhm 0.85 eV). As the solvent evaporates, it undergoes certain conformal changes in the surrounding of the QDs; its flexibility and ionic interaction are altered. Notably, the interaction between solvent and PVP is subdued, whereas the PVP and CdS QD interaction is enhanced. The present case of surface passivation can also be viewed while correlating it with the gradient alloy structure. 19 In the gradient alloy case, the wave functions of the VB maximum and CB minimum are collapsed toward the center of the core in a differential manner. 19 In the case of the inorganic shell, band bending occurs to equalize the Fermi level in both semiconductors. Here, after the phase transformation, because of the increased level of interaction, it is quite possible that the potential gradient formed on the surface can also become deeper, which is shown as a thicker gray area on the QDs (Figure 6c ). The number density of size distribution is considered for sizedependent emission to clarify that the blue emission bands are not because of such a case. Theoretically, the typical distance between the QDs in the solid phase is ∼17 nm, which places them far apart and in a noninteractive mode. In the presence of oxygen, CdS QDs are vulnerable to photo-oxidation. 12 Despite this fact, a significant stability of emission properties are revealed when the film is left in ambient conditions for nearly three months. When the CdS QDs are passivated with a polymer, they can perhaps be employed as biological probes. 67 We do appreciate the color-rending procedure which employs different sources for various colors; however, if one can obtain near perfect white light without much difficulty, then it will be industrially more suitable than complex core−shell techniques. Furthermore, the suggested mechanism provides crucial insight into the behavior of surface states in terms of light emission in the presence of a surface interaction. When other capping agents are employed, one must carefully consider the effective electron-donating (or withdrawing) nature of the capping agent with respect to the charge at the surface defect rather than the strength of the passivation bond. 21 
IV. EXPERIMENTAL SECTION
A. Materials. Sodium sulfide (Na 2 S·9H 2 O), poly(vinyl pyrrolidone) (PVP) with molecular weight of 1.3 × 10 6 , FTIR grade potassium bromide (KBr, 99%), and methanol were purchased from Sigma-Aldrich. Cadmium nitrate (Cd-(NO 3 ) 2 ·4H 2 O) was obtained from Fluka, and all the chemicals were used as received.
B. Synthesis of CdS quantum dots (QDs). CdS QDs were prepared based on a traditional method similar to that described in ref 68 . For the synthesis, 3.2 mM Cd(NO 3 ) 2 and Na 2 S solutions in methanol were prepared as precursors. In addition, 2 g wt% of PVP solution in MeOH also was prepared and employed as a stabilizer in the synthesis. First, 25 mL of Cd(NO 3 ) 2 solution was taken into a flask, and 10 mL of PVP solution in MeOH was slowly added. After the solution was stirred for 20 min at room temperature, 25 mL of Na 2 S solution was added dropwise to this mixture with continuous stirring. CdS (QDs) , which was used for further characterization without any size sorting. C. Characterization of QDs. Optical absorption spectra were recorded on the samples using a Varian Cary 5000 UV− vis−NIR spectrophotometer on QDs in dispersion and solid format (dispersion was dried on quartz substrate). The morphology and size of the QDs were investigated using a transmission electron microscope (FEI-Tecnai G2F 30). FTIR spectra were recorded on a Bruker-VERTEX 70 instrument. The dispersion of QDs was centrifuged, and the precipitate was dried at room temperature under vacuum and pelletized with KBr. The spectra were recorded between 4000 and 400 cm −1 at 4 cm −1 resolution. Gaussian peak fittings in the FTIR spectra were performed with Opus 6.0, where the number of peaks were chosen based on the vibrational bands for the corresponding functional group and width and the center of the peaks were allowed to vary until convergence. Screenshots were accompanied with the uncertainty in the fitting procedure, characterized by the RMS error. The ionic status of the elements in the QD film was determined by an X-ray photoelectron spectroscopy (XPS, Thermoscientific) operating with Al Kα line (1486.6 eV); the peak fittings were performed with Avantage. Photoluminescence (PL) measurements were performed on the samples at room temperature using Horiba Jyobin Vyon Fluorolog; the samples were illuminated with the 350 nm line from a 450 W Xe lamp. Peak deconvolutions were performed with Origin 6. 
